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Abstract 
Osteoarthritis (OA) is a chronic degenerative disease for which the only long-term solution 
is total knee arthroplasty (TKA), though many patients are not satisfied with their TKA. 
Satisfaction in TKA patients is not well understood. Subjective questionnaires and 
objective functional tests have been previously used to assess TKA outcomes, but both 
have disadvantages. Wearable sensors have facilitated affordable biomechanical 
measurement in OA and TKA populations. The objective of this work was to use wearable 
sensors alongside functional tests with TKA patients to identify quantitative function that 
related to subjective function and satisfaction. A wearable sensor-setup was validated 
before implementation in a TKA population. Quantitative sensor metrics describing the 
motion of individual leg segments was found to correlate with subjective function and 
satisfaction. This study provided strong evidence towards the connection between 
quantitative function and patient experience and may be able to identify functional 
deficiencies for targeted therapy to improve satisfaction. 
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Chapter 1  
1 Introduction 
1.1 Osteoarthritis 
1.1.1 Osteoarthritis Pathophysiology 
Osteoarthritis (OA) is a chronic degenerative disease that targets both weight bearing and 
non-weight bearing joints of the body.1 Healthy joint cartilage acts as a lubricated surface 
for articulation and load transmission, and adapts to loading by increasing regional 
thickness.1, 2 Due to being avascular, articular cartilage is sensitive to injury and is 
especially sensitive to degenerative changes.2 Once OA has initiated, cartilage 
degeneration overtakes adaptive processes and articular cartilage deteriorates.1, 2 In 
addition to cartilage degeneration, changes to the synovium, meniscus, ligaments, and 
subchondral bone also occur.2 Clinical symptoms that comprise a diagnosis of OA include 
joint space narrowing, malalignment, pain, stiffness, and disability.1, 3 The pathology of 
OA is multifaceted, with mechanical, structural, genetic, and environmental factors playing 
a part in its development.1-3 The risk for developing OA increases with age, obesity, 
previous joint injury, and presence of metabolic disease.1-3 Risk for developing OA can be 
reduced by maintaining a mobile lifestyle, managing weight, and reducing risk of joint 
injury.2 The pathogenesis of this disease is still under review and the complete picture of 
OA is not yet resolved.1, 3 The multi-factorial nature of OA contributes to the complexity 
in deriving disease modifying OA drugs (DMOADs).1, 3 No DMOADs currently exist, and 
even if novel DMOADs were derived in the near future it would still take decades before 
they would be available for public use.2 The only long-term solution for OA is joint 
replacement, though the lifetime of this solution is also limited. This lack of effective 
medicinal treatment for OA contributes to the global burden of OA. 
1.1.2 Physical Burden 
OA affects millions of people worldwide and is the leading cause of chronic disability in 
individuals over 70.2, 4 The number of individuals affected by OA will continue to increase 
in agreement with the aging population and rise in obesity.2, 4 In Canada alone, over 4.6 
2 
2 
million individuals are affected by OA.5 The progressive degeneration of joints in this 
disease causes severe pain, stiffness, loss of function, and swelling, together these result in 
limited ability to complete normal activities of daily living and decreases in quality of  
life.2, 4, 5 Most commonly, joints affected by OA include hands, hips, knees, feet, and joints 
of the spine.5 OA of the hip and knee joints tend to cause the greatest quality of life burden 
due to the effect on weight-bearing ability.4 The physical burden to national and global 
populations is widespread and consequentially there are impacts to the economy. 
1.1.3 Economic Impact 
The direct cost of OA is projected to increase to $7.6 billion in Canada by 2031.6 The 
greatest contributor to direct cost is hospitalization, and 95% of this hospitalization cost is 
due to hip and knee surgeries.6 $4.7 billion of the direct cost of OA in 2031 will solely be 
a result of the hospitalization, physician, and prescription drug costs of hip and knee 
replacements.6 While the direct cost of OA is heavy, the indirect costs of OA increase the 
total cost substantially. The disability associated with OA causes productivity costs due to 
work loss, and from 2010 to 2031 this cost will increase by almost 50%.7 The increase in 
direct and indirect costs due to OA highlight the need for preventative and effective 
treatment of OA. 
1.2 Total Knee Arthroplasty 
1.2.1 Knee Anatomy & Biomechanics 
Before describing the total knee arthroplasty (TKA) surgical procedure and its outcomes, 
it is important to have a background of the knee anatomy and function. While the knee is 
sometimes thought of as a hinge, there is more complexity involved to facilitate the 
articulation between the upper and lower leg. Body weight is transmitted from the femur 
to the tibia, with the patella acting to increase leverage during knee extension (Figure 1).8, 
9 Ligaments, muscles, and menisci act to facilitate and stabilize the knee joint at rest and 
during motion.9 There are four ligaments worth noting in the context of TKA (Figure 1). 
The anterior cruciate ligament (ACL) resists anterior displacement of the tibia, the posterior 
cruciate ligament (PCL) resists posterior tibia displacement, and the medial collateral 
ligament (MCL) and the lateral collateral ligament (LCL) resist valgus and varus rotation 
3 
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of the knee, respectively.4 The quadriceps muscle group, located on the front of the thigh, 
is the primary mechanism for extension of the tibia and the hamstring muscle group, 
located on the back of the thigh, is the primary knee flexion facilitator.9 These muscle 
groups also offer dynamic stability of the knee.9 The menisci are cartilaginous tissue acting 
as load bearing surfaces between the femur and tibia that also guide rotation and stabilize 
translation of the joint (Figure 1).9 During level walking, the medial contact point of the 
tibia and femur creates a pivot for axial rotation, while the lateral contact of the tibia and 
femur allows more anterior and posterior translation.10 Similarly, during greater knee 
flexion the medial portion of the femur experiences minimal change in contact position on 
the tibia while axially rotating, and the lateral contact position of the femur rolls posteriorly 
along the tibia with increased flexion.10 Together, the quadriceps and hamstring muscle 
groups enact extension and flexion, the ligaments keep the femur and tibia within normal 
limits during this motion, and the medial and lateral menisci offer smooth, cushioning 
surfaces for this motion. The knee joint is a complex system that is consequently difficult 
to provide with an ideal replacement. 
 
  
Figure 1: Ligaments and menisci of the knee. 
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1.2.2 TKA Procedure 
TKA is a surgical solution reserved for individuals with severe knee OA which restores 
quality of life and ability to participate in normal activities of daily living for its recipients. 
This procedure replaces the diseased femoral, tibial, and sometimes patellar components 
of the knee joint with artificial components.11 The femoral implant is typically composed 
of metal, the tibial component is a flat metal platform with a polyethylene insert (Figure 
2), and the patellar implant is a dome-shaped polyethylene cap, though a patellar implant 
is not always implemented.4 TKA is the recommended treatment for severe OA and is 
effective in treating the pain and loss of function associated with this disease.11 
In general terms, the TKA procedure involves resection of diseased bone from the femur, 
tibia, and sometimes patella which is then replaced by implants. Bone resection of the 
femur and tibia and balancing of ligament tensions during the TKA surgery influence the 
rotation of the femoral component post-TKA.12 Consequently, a surgical goal of TKA is 
bone resection and ligament balancing to create a symmetrical gap between the femur and 
tibia.12 Techniques vary with surgeon preferences for creating balanced flexion and 
extension gaps. After resection, the implant type inserted is at the discretion of the surgeon 
and the implant may or not be cemented in place – depending on bone quality.4 Implant 
type may vary depending on a surgeon’s choice to retain a healthy PCL or sacrifice a 
damaged PCL, resulting in cruciate retaining (CR) implant or a posterior-stabilizing (PS) 
implant that has a post as a feature of the polyethylene tibial insert to prevent posterior 
displacement of the femur (Figure 2).4 An implant may also have a fixed or mobile 
polyethylene cushion which may differ depending on the activity level, age, or weight of 
the patient.4 There are many opportunities for variation in the TKA procedure, which may 
result in differences in outcomes of patients undergoing this surgery.13 
5 
5 
 
 
1.2.3 TKA Outcomes 
TKA has been widely accepted as a successful surgical treatment for knee OA based on 
implant survival and surgeon-based outcomes.14 However, greater improvements in 
functional outcomes are perceived by surgeons than are reported by patients.15 Many 
people are dissatisfied and continue to experience pain and functional difficulties after their 
TKA surgery.14, 16 Dissatisfaction is multifactorial and more severe dissatisfaction may be 
associated with instability, stiffness, and lack of social support.17 It is important to keep 
patient experiences in mind when assessing treatment to improve patient outcomes and 
prevent future healthcare burdens. 
1.3 TKA Assessment Tools 
1.3.1 Surgeon Assessment 
Throughout the TKA process the surgeon is involved with assessing the function and 
experience of the patient. This evaluation can involve reviewing X-rays of the joint, 
Figure 2: Cruciate retaining and posterior stabilized knee implants. 
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physical examination, and obtaining a clinical history from the patient.18 Though OA is 
primarily evaluated through a history and physical examination, X-rays may be used to 
identify alignment of the knee, joint space narrowing, increased bone density, or bony 
overgrowths.18 The physical examination can be used to assess and monitor range of 
motion, alignment deformity, limitation during active and passive movement, joint 
instability, joint swelling, or pain during motion.19 A patient’s clinical history is also an 
important tool for a surgeon in evaluating symptoms of pain, stiffness, or function and their 
progression.19 Surgeon assessment varies between surgeons as can be expected, but there 
is also variation between the doctor’s assessment and the patient’s experience.20 This is 
cause for the development of techniques that encompass the patient experience and 
quantitative outcomes. 
1.3.2 Patient Reported Outcome Measures 
Patient reported outcome measures (PROMs) take the form of surveys in which patients 
answer questions aimed to quantify qualities such as pain, function, or satisfaction. PROMs 
are frequently used in clinics to assess outcomes of TKA at pre- and post-surgery time 
points. The Short Form 12 (SF-12), the Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC), and the Knee Society Score (KSS) questionnaires are 
commonly implemented in clinics to assess general health, lower limb function with 
respect to OA, and TKA specific functional outcomes, respectively.21-24 The WOMAC is 
the most commonly used survey tool to assess TKA outcomes.21 This questionnaire uses a 
Likert scale to score 5 questions related to pain, 2 questions related to stiffness, and 17 
questions related to function. The SF-12 and KSS assess outcomes in a similar  
fashion.22, 24 PROMs offer simple, resource efficient, and validated methods for 
quantitatively monitoring TKA outcomes.21 However, there are disadvantages associated 
with PROMs. Surveys are often prone to floor or ceiling effects, where participants choose 
the lowest or highest score available.25 This is common for PROMs assessing TKA patients 
due to the large improvement often provided by this surgery.25 This can conceal potentially 
key distinctions between subjects. As well, due to the ordinal nature of PROMs the 
outcomes may not fully encapsulate a patient’s symptoms, function, or experience. 
7 
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Therefore, it is important to use surveys that have valid content for the intended purpose to 
more accurately assess outcomes. 
1.3.3 Functional Tests 
Functional tests are another method used to monitor TKA outcomes that is widely used in 
the research field. These tests rely on a participant completing a physical task that has the 
goal of being analogous to normal activities of living. Examples of functional tests include 
the 6-minute-walk test, the sit-to-stand test, or the timed-up-and-go test.26 These tests 
typically quantify function using start to finish variables such as distance traveled or time 
to complete. Functional tests offer further simple and resource efficient methods of 
evaluating OA and TKA outcomes.26, 27 While the typical singular outcomes of functional 
tests can condense general function into a quantity, these values are not descriptive of 
differences in strategies or adaptations that a participant may employ to complete the test. 
1.3.3.1 The Timed-Up-and-Go Test 
The timed-up-and-go (TUG) test has been previously used to evaluate the functional 
performance of patients with knee pathologies.28, 29 During this test, the participant stands 
up from a chair, walks 3 m to a measured goal, turns around at the goal, walks back to the 
chair, then turns around to sit back down in the chair.30 This test is less intensive than the 
6-minute walk test and stair ascending/descending tests, and it is more likely that post-
operative patients are able to complete it at earlier timepoints.29 The TUG test has excellent 
same-day test-retest reliability with TKA patients.28 Changes in TUG test time above  
2.27 s can be attributed to a “real” change in function for TKA patients outside of standard 
errors of the mean (SEM).28 As well, the TUG test has been demonstrated to be an 
appropriate tool for assessment of function shortly after TKA with respect to amount of 
change and relationship to patient-perceived improvement.31 The feasibility and 
measurement properties of the TUG test make it an excellent tool for use in both clinical 
and research evaluations of TKA populations. 
8 
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1.3.4 3D Motion Capture Laboratories 
Motion capture cameras are the gold standard for external motion tracking and have 
previously been applied to functional assessment of TKA patients.32-35 This type of 
assessment requires stationary labs with an expensive setup of infrared cameras that track 
reflective markers, and trained personnel. Often these labs also implement ground force 
plates to measure loading during gait which can be used to calculate moments of force – 
commonly referred to as torque – at the knee. Common measures extracted from these 
methods include knee flexion angles, ranges of motion, moments about the knee, or ground 
reaction forces during gait.32, 36 Studies using 3D motion labs have previously shown that 
there are kinetic and kinematic differences between pre-TKA, post-TKA, and healthy 
asymptomatic adults, as well as improvements post-TKA that bring patients closer to 
asymptomatic biomechanics.32-35 Research using these gait labs have shown that TKA 
patients walk with less range of motion during the different phases of gait compared to 
control populations.36 This is believed to affect patients’ ability to perform functional 
activities.36 Abnormal moment patterns about the flexion axis have been shown to 
differentiate between a majority of control and TKA subjects, and increases in moments in 
the adduction axis have been linked to implant alignment and loosening.36 While 3D 
motion capture labs have given insight into the biomechanics of TKA patients, these labs 
cannot be easily applied to assess or monitor patients outside of research participation. 
1.3.5 Wearable Motion-Based Sensors 
Wearable sensors have become increasingly popular amongst the public in recent years, 
making it a more affordable opportunity for research. Inertial measurement units (IMUs) 
are one of these motion-based sensor types that have increased in prevalence. IMUs are 
composed of three micro-electromechanical systems: a gyroscope, a magnetometer, and an 
accelerometer. These components work together to retrieve angular data in the form of 
displacement, velocity, and/or acceleration. Previous work has exploited these 
characteristics to quantify gait and lower limb motion.37-39 Spatiotemporal and kinematic 
parameters derived from individual sensors during functional activities have discriminated 
between OA patients and healthy subjects,40 and have shown differences between pre- and 
post-TKA patients.41 Common metrics derived from these sensors include ranges of 
9 
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angular displacement of specific body landmarks, peak angular velocities or accelerations 
of these landmarks in different planes of motion, cadence, stride velocity, or stride  
length.42, 43 A novel application of these sensors is to use information gathered from 
multiple sensors to calculate angles of joint motion.44-47 While this technique involves more 
intensive sensor software development, it allows for the collection of measurements 
analogous to the kinematic metrics derived in specialty 3D motion capture labs at a fraction 
of the cost. IMUs have great potential for evaluating and monitoring pathologies affecting 
motion in research and clinical settings. 
1.4 Thesis Objectives and Hypotheses 
Given the rise in popularity and decreasing price of wearable sensors, this technology 
offers a feasible opportunity for more personalized medicine in an orthopedic clinic setting. 
This work aims to set the tone for implementing wearable technology in the clinic for TKA 
populations while keeping the patient experience at its core. The objectives of this thesis 
are to: (1) validate an IMU setup in a controlled environment for the measurement of knee 
joint angles, and (2) implement the IMU setup during trials of the TUG test in a population 
of post-TKA patients to derive novel metrics relating to PROMs that can be used to assess 
quantitative function that is patient-important. We hypothesize that the IMU setup will 
measure knee joint angles with acceptable accuracy and precision at different speeds and 
after re-positioning. We also hypothesize that when implemented into a group of 1- or 2-
year post-TKA patients during TUG tests that new sensor-derived metrics will relate to 
patient-reported satisfaction and function. 
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Chapter 2  
2 Repeatability of measuring knee flexion angles with 
wearable inertial sensors 
2.1 Introduction 
Assessments of knee joint flexion and extension range of motion is commonly used by 
surgeons to track patient function following knee arthroplasty.1 Patients that experience 
post-arthroplasty improvements in knee biomechanics during gait typically report good 
outcomes, while those who lack improvements do not.2 Clinicians often collect 
rudimentary data using manual, hand-held goniometers, which are known to have poor 
accuracy.  In research settings, this type of kinematic information of knee joints can be 
gathered through a variety of devices, including most commonly electro-goniometers and 
3D motion capture cameras. However, these have multiple factors limiting their potential 
application in clinics. Electro-goniometers are limited to two planes of motion, and the 
physical strain gauge that measures angles requires specific placement and could 
potentially interfere with incisions. 3D motion capture cameras are the gold standard for 
motion capture, but this modality requires a stationary lab, complex interpretation, 
substantial patient time commitment, and is very expensive. 
Inertial measurement units (IMUs) have become increasingly popular as a method to 
capture motion data.3 These sensors commonly measure acceleration, velocity, and 
orientations in space and cost much less than a traditional 3D motion capture camera 
system.4 IMUs can be used to calculate joint angles using the orientations in space collected 
from two separate sensors.5 Aside from cost, the small physical nature and wireless 
capability of IMUs means they can be attached unobtrusively to subjects as wearable 
sensors and then be implemented during physical activities to evaluate joint characteristics 
that are supplementary values of joint function.6, 7 These sensors also have great potential 
for assessment outside of the lab environment by tracking functional tests or daily 
activities. Wearable sensors can be easily applied to knee joint research to provide 
important information regarding characteristic functionality of knee joint pathologies,6 and 
have the potential for instant clinician interaction and data interpretation. 
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As the use of IMUs for such assessments is increasing, clinicians and researchers must be 
aware of their limitations with respect to accuracy and repeatability of their measurements. 
The purpose of the present study was to determine the strengths, weaknesses, and areas for 
improvement for a typical set of IMUs. The primary objective of this experiment was to 
evaluate the measurement repeatability of IMU joint angles in comparison to an electro-
goniometer and a 3D motion capture camera setup using a repeatable robot controller and 
an anthropomorphic leg phantom. The secondary objectives were to determine any effects 
of joint speed and sensor positioning on the joint angles collected by these sensors. We 
hypothesize that 1) the IMU’s will provide less bias than the electro-goniometer to the 3D 
motion capture markers due to their lack of mechanical constraints, and 2) the IMUs will 
have greater repeatability error than the electro-goniometer due to cumulative dual-sensor 
error but will provide repeatability comparable to a manual goniometer. 
2.2 Methods 
2.2.1 Robot & Phantom Setup 
A 6-degree-of-freedom robotic controller was used in this experiment to provide repeatable 
motion paths to determine the bounds of repeatability of wearable sensors for future studies 
with human subjects. This represents the best-case scenario, therefore if the accuracy limits 
are not acceptable here, then such sensors would not be appropriate for clinical use where 
accuracy is likely to be worse. The phantom itself provided anatomical references for 
positioning of the modalities as well as simulated soft tissue that could introduce motion 
artifacts that would be typical of a patient. In addition to being a repeatable platform for 
evaluation, this experimental setup allowed for simulation of human motion that was 
completely controlled. The anthropomorphic leg phantom (Sawbones Fully Encased Leg, 
Pacific Research Laboratories, Vashon, WA) was affixed to the robot via a custom fixture 
to anchor the upper segment of the leg to a stationary platform and to affix the lower 
segment to the mobile end-effector of the robot arm. The end-effector of the robot arm was 
programmed to move in an arc to revolve the lower segment of the leg phantom about the 
knee joint to approximately 120 degrees of flexion from a straight-leg position. 
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2.2.2 Motion Capture Modalities 
Three motion capture modalities were used in this experiment: 3D motion capture cameras, 
an electro-goniometer, and two IMU setups. See Figure 3 for the setup of the motion 
capture modalities described as follows. An 11-camera, 3D motion capture system (Motion 
Analysis Corporation, Santa Rosa, CA) with four passive reflective markers was used as a 
gold standard for non-invasive motion capture technology to compare the wearable sensors 
against. The four reflective markers for the 3D motion capture cameras were affixed along 
the lateral side of the leg phantom using double-sided tape, with two of the markers placed 
on the upper segment of the leg and the other two on the lower segment. For each of the 
four anatomic markers, 3D Cartesian coordinates were gathered at a sample rate of 60 Hz 
over the duration of each test. These unprocessed data were then input into a custom 
MATLAB script (MathWorks, Natick, MA). This script isolated and calculated the flexion-
extension angles between the upper leg segment and the lower leg segment for each sample 
point throughout each test. This was achieved via the following steps: a 3D virtual line  or 
“vector” along the upper leg segment was created by subtracting proximal thigh marker 
coordinates from the distal thigh marker coordinates, the lower leg segment vector was 
created in the same manner with distal and proximal tibial marker coordinates, the dot 
product of the upper and lower leg vectors was calculated, the cross product of the upper 
and lower leg vectors was calculated and normalized, then the arctangent of the normalized 
cross product and the dot product was taken to determine the angle of flexion of the leg.  
A wireless electro-goniometer (Biometrics Ltd., Newport, UK) was also used as a 
comparator for the proposed IMU systems. The electro-goniometer was attached laterally 
on the leg phantom across the approximate center of motion of the knee joint using double-
sided tape and adjustable straps. Angular data were collected at 100 Hz and wirelessly 
transmitted from the goniometric sensor to a computer with Biometrics DataLITE version 
10.05 which processed the goniometric data automatically to produce flexion-extension 
angles. 
Lastly, IMUs (mbientlab, San Francisco, CA) were used to measure the angle between the 
upper and lower segments of the leg phantom at a sample rate of approximately 25 Hz. 
Two IMU setups were used in the following experiment, each with two IMUs. For the first 
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setup, the IMUs were positioned on the posterior side of the leg phantom with one on the 
upper segment and one on the lower segment. This posterior placement was used to 
approximate an anterior placement on a patient. A true anterior placement was not viable 
on the leg phantom in this experiment due to the interaction of the custom fixture with the 
anterior portion of the thigh, as can be seen in Figure 3. However, the posterior IMU 
placement is an appropriate simulation for an anterior IMU placement since the IMUs 
rotate about the same sensor axes for both anterior and posterior placements. For the second 
IMU setup the IMUs were positioned on the lateral side of the leg phantom, with one IMU 
on the upper segment and one on the lower segment again.  
For both IMU setups, orientation data were transmitted via Bluetooth from each IMU to an 
iPhone (Apple Inc., Cupertino, CA). A custom application calculated the angle between 
the leg segments by determining the difference in sensor orientation of the upper with 
respect to the lower IMUs. Orientation estimations were expressed in quaternions to 
prevent Gimbal lock. This phenomenon occurs when one of three axes of rotation aligns 
with another and causes a degree of freedom to be lost, which results in incorrect rotational 
movements. Thus, quaternion representations are advantageous in the case of wearable 
sensor technology. From the quaternion orientation estimations of the upper and lower 
IMUs the custom software separated the flexion-extension component from the internal-
external rotation and varus-valgus components of the joint movement by breaking the 
quaternion difference into three separate rotations corresponding to clinical joint angles.8 
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2.2.3 Experimental Procedure 
All motion capture modalities gathered data concurrently while attached to the robotic leg 
phantom during the following tests. Each test involved a ten-cycle run of the 120 degree 
motion arc described above to assess repeatability of each modality within each test. The 
motion pathway of the robot is depicted by the waveform graph in Figure 4 of a 
representative test captured by the 3D motion capture camera markers. Figure 5 depicts 
the series of events in the experiment, described as follows. To assess repeatability at 
different speeds, the ten-cycle test was replicated for three increasing angular speeds of 
approximately 15, 30, and 50 degrees per second, with the fastest speed being characteristic 
of activities of daily living.9 After the initial three tests at different speeds, the electro-
goniometer and all four IMUs were removed from the leg phantom, the electro-goniometer 
was tared against a straight surface, and then both sensor modalities were re-positioned on 
the leg phantom to assess placement repeatability and to simulate test-retest conditions 
using the same operator. For each re-position of the sensors, the three increasing speed 
Figure 3: Experimental setup of the motion capture modalities on the leg phantom.  
The upward pointing arrows indicate the 3D camera reflective markers used for 
angle calculation, the upward facing arc encompasses the length of the electro-
goniometer, the downward pointing triangles indicate the posterior IMUs, and the 
right and left pointing chevrons indicate the lateral IMUs. The two unaccounted for 
reflective markers on the foot of the phantom were used as a means for identifying 
the lower segment from the upper leg segment in post-processing. 
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tests were repeated. Nine robot tests were completed in total, which comprised positioning 
the sensors three times and three speed tests per position.  
 
 
 
 
2.2.4 Data Processing 
The main outputs for all three modalities were flexion angles over time. The initial straight-
leg position of the phantom was assigned a value of zero degrees of flexion, and therefore 
Figure 4: Motion pathway of the robotic leg phantom 
during each individual test. 
Figure 5: This flow chart depicts the experimental flow of the 
nine robot tests. 
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initial values were subtracted as offsets. From these flexion angles over time, the 10 peaks 
and 9 troughs of the motion waveform were extracted for each test using a custom 
MATLAB program. These peaks and troughs were then used to compare the tests for the 
different modalities, positions, and speeds. To determine the effects of sensor type, re-
positioning, and changes in flexion speed, IBM SPSS Statistics 25 (IBM Corporation, 
Armonk, NY) was used to conduct three-way ANOVA and Bonferroni’s post hoc 
correction. Statistically significant differences between tests were determined as any 
comparison with p≤0.05. GraphPad Prism 7.00 (GraphPad Software, La Jolla, CA) was 
used to calculate means, standard deviations, and 95% confidence intervals to show the 
repeatability of minimum and maximum angles reached during a singular test. 
Repeatability was assessed using the standard deviation as described by Langlois et al. on 
current ASTM and ISO recommendations.10 Bias and standard deviation of bias was also 
calculated in GraphPad Prism using Bland-Altman’s methods.11 
2.3 Results 
Mean, standard deviation, and confidence intervals of maximum and minimum flexion are 
presented in Table 1 and Table 2, respectively, for each 10-cycle test of every modality, 
position, and speed. The overall average maximum flexion angles across all tests for the 
3D camera markers, electro-goniometer, posterior IMUs, and lateral IMUs in respective 
order were 119.4±0.3°, 112.4±0.5°, 116.2±2.4°, and 118.3±1.1°. The overall average 
minimum flexion angles across all tests in the same order were 0.2±0.1°, -0.1±0.1°, 
0.6±0.7°, and -0.3±2.7°. Average maximum and minimum flexion angles for every test and 
modality are graphically presented in Figure 6. 
Observation of the bias of the maximum flexion angles for the different sensor setups to 
the 3D camera markers showed bias ± standard deviation (SD) of 7.0±0.6°, 3.2±2.6°, and 
1.1±1.2° for the electro-goniometer, posterior IMUs, and lateral IMUs, respectively 
(Figure 7). For comparisons of minimum flexion for the different wearable sensor setups 
to the 3D camera markers, differences of less than 1° were observed for all sensor types 
(Table 2). Sensor type, re-positioning, and speed changes – and the interactions between 
them – caused statistically significant effects to the flexion angles (Table 3), with sensor 
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type having a greater effect than re-positioning, and re-positioning having a greater effect 
than speed.  
Sensor re-positioning showed varied degrees of qualitative effects on maximum flexion 
comparisons for the different modalities (Figure 6). Since the 3D camera markers were 
not re-positioned between tests, they did not show any observable re-positional patterns.  
Slight re-positioning patterns were observed for the electro-goniometer, with the greatest 
difference in flexion angles being approximately 1°. The posterior and lateral IMUs had 
less obvious re-positioning patterns. The greatest difference in maximum flexion angles 
due to re-positioning was less than 5° for the posterior IMUs and approximately 3° for the 
lateral IMUs. No obvious patterns were observed on the minimum flexion angles as an 
effect of re-positioning for the 3D camera markers, electro-goniometer, posterior IMUs, or 
lateral IMUs. The greatest differences in minimum flexion angles were approximately 0.3°, 
0.3°, 1.8, and, and 1.7° for the 3D markers, electro-goniometer, posterior IMUs, and lateral 
IMUs, respectively.  
Qualitatively, joint flexion speed had varying effects on maximum flexion comparisons for 
the different modalities (Figure 6).  No obvious patterns with increasing speeds were 
observed for the 3D camera markers and the electro-goniometer, and the greatest 
differences in flexion angles were 0.6° and 0. 2°, respectively. The posterior IMUs showed 
a visually obvious pattern of decreasing maximum flexion angles with increasing speeds. 
The greatest change in maximum flexion angles was less than 3° for the posterior IMUs 
and approximately 2° for the lateral IMUs. Effects of robot flexion speed showed no 
visually obvious patterns with increasing speeds on minimum flexion angles, and the 
greatest differences in minimum flexion angles due to speed were approximately 0.2°, 0.2°, 
1°, and 1.5° for the 3D camera markers, electro-goniometer, posterior IMUs, and lateral 
IMUs, respectively. 
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(A) (B) 
(C) (D) 
(E) (F) 
(G) (H) 
 Figure 6: This composite figure depicts the mean angles measured by each modality 
during each of the nine tests, where A, C, E, and G are maximum flexion angles, and 
B, D, F, and H are minimum flexion angles of the 3D motion capture camera markers, 
electro-goniometer, posterior IMU setup, and lateral IMU setup, respectively. 
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(A) (B) 
(C) (D) 
 
  
Figure 7: Bland-Alman plots of the maximum flexions for the different sensing 
modalities vs. the 3D camera markers (A-C), and the Lateral IMU setup vs. the 
Posterior IMU setup (D). Hashed lines denote the lower 95% limit of agreement, bias, 
and upper 95% limit of agreement. 
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Table 1: Mean ± standard deviation (SD) and 95% confidence intervals (CI) of 
maximum flexion in degrees for each test and each modality. 
 Position 1 Position 2 Position 3 
 Slow Medium Fast Slow Medium Fast Slow Medium Fast 
3D Camera Markers 
Mean±SD 119.3±0.3 119.7±0.0 119.9±0.1 119.2±0.0 119.1±0.0 119.3±0.1 119.4±0.2 119.2±0.0 119.6±0.1 
95% CI 119.1, 
119.5 
119.7, 
119.7 
119.9, 
120.0 
119.2, 
119.2 
119.0, 
119.1 
119.3, 
119.4 
119.3, 
119.6 
119.2, 
119.3 
119.6, 
119.7 
Electro-goniometer 
Mean±SD 111.8±0.1 112.0±0.1 112.0±0.1 112.2±0.1 112.2±0.1 112.3±0.0 113.1±0.0 113.1±0.1 113.0±0.0 
95% CI 111.8, 
111.9 
112.0, 
112.1 
112.0, 
112.1 
112.1, 
112.3 
112.2, 
112.3 
112.2, 
112.3 
113.1, 
113.2 
113.0, 
113.1 
113.0, 
113.1 
IMU (Posterior Position) 
Mean±SD 115.9±0.2 114.0±0.2 113.0±0.3 120.6±0.3 118.4±0.1 118.2±0.3 116.4±0.3 115.2±0.2 114.2±0.2 
95% CI 115.7, 
116.1 
113.8, 
114.1 
112.8, 
113.2 
120.4, 
120.8 
118.3, 
118.5 
117.9, 
118.4 
116.2, 
116.7 
115.0, 
115.4 
114.0, 
114.3 
IMU (Lateral Position) 
Mean±SD 116.6±0.4 118.6±0.1 117.2±0.3 117.4±0.2 118.9±0.1 118.5±0.4 118.1±0.2 119.5±0.1 120.3±0.1 
95% CI 116.3, 
116.9 
118.5, 
118.7 
117.0, 
117.4 
117.2, 
117.5 
118.8, 
119.0 
118.2, 
118.7 
117.9, 
118.3 
119.4, 
119.5 
120.2, 
120.4 
Table 2: Mean ± standard deviation (SD) and 95% confidence intervals (CI) of 
minimum flexion in degrees for each test and each modality. 
 Position 1 Position 2 Position 3 
 Slow Medium Fast Slow Medium Fast Slow Medium Fast 
3D Camera Markers 
Mean±SD 0.0±0.1 0.2±0.1 0.3±0.1 0.2±0.2 0.0±0.0 0.2±0.1 0.3±0.10 0.1±0.0 0.2±0.0 
95% CI 0.0, 0.1 0.2, 0.3 0.2, 0.3 0.1, 0.4 0.0, 0.0 0.2, 0.2 0.2, 0.4 0.0, 0.1 0.2, 0.2 
Electro-goniometer 
Mean±SD -0.2±0.1 0.0±0.0 0.1±0.1 -0.2±0.1 -0.0±0.0 0.1±0.0 -0.1±0.2 -0.2±0.0 -0.2±0.0 
95% CI -0.3, -0.2 0.0, 0.1 0.1, 0.1 -0.2, -0.1 -0.1, 0.0 0.0, 0.1 -0.2, 0.1 -0.3, -0.2 -0.2, -0.2 
IMU (Posterior Position) 
Mean±SD 0.8±0.4 0.8±0.1 -0.1±0.2 1.4±0.6 0.7±0.2 1.2±0.5 -0.4±0.6 0.7±0.1 0.5±0.2 
95% CI 0.5, 1.1 0.7, 0.8 -0.3, 0.0 0.9, 1.8 0.5, 0.8 0.8, 1.6 -0.9, 0.0 0.7, 0.8 0.4, 0.7 
IMU (Lateral Position) 
Mean±SD -0.8±0.2 0.9±0.1 -0.4±0.2 -0.8±0.5 0.3±0.2 0.2±0.2 -1.5±0.0 -0.8±0.0 -0.1±0.1 
95% CI -1.0, -0.6 0.8, 1.0 -0.6, -0.2 -1.1, -0.4 0.2, 0.5 0.0, 0.4 -1.5, -1.4 -0.8, -0.8 -0.2, -0.1 
Table 3: F(dfeffect source, dferror) and p values for factors affecting maximum and 
minimum flexion of leg phantom. 
Effect Source Maximum Flexion Minimum Flexion 
Sensor Type F(3,27)= 25395.56 p<0.001 F(3,24)=130.86 p<0.001 
Speed F(2,18)=20.03 p<0.001 F(2,16)=48.42 p<0.001 
Reposition Instance F(2,18)=2040.87 p<0.001 F(2,16)=40.61 p<0.001 
Sensor Type * Speed F(6,54)=513.65 p<0.001 F(6,48)=46.14 p<0.001 
Sensor Type* Reposition Instance F(6,54)=2946.44 p<0.001 F(6,48)=55.85 p<0.001 
Speed * Reposition Instance F(4,326)=35.80 p<0.001 F(4,32)=37.15 p<0.001 
Sensor Type * Speed * Reposition Instance F(12,108)=36.36 p<0.001 F(12,96)=41.49 p<0.001 
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2.4 Discussion 
Wearable sensors are becoming more prevalent and represent a potential straightforward 
and low-cost tool for quantifying patient function before and after joint arthroplasty. Range 
of motion in pre-operative knee arthroplasty patients has been shown to be of predictive of 
post-operative range of motion and can be used as a tool to assess patient recovery.1 We 
endeavoured to assess a representative IMU-type sensor and its ability to collect joint 
flexion angles in comparison to an electro-goniometer and a 3D motion capture camera 
system. This simple quantity was used in this study to assess the performance of an IMU 
setup in the measurement of knee joint flexion angle. Specifically, we wanted to investigate 
repeatability of knee joint flexion angles and the effects of speed and placement on the 
IMUs using the same lab and operator. 
Repeatability of each modality within each individual test was evaluated through 
observation of the standard deviation and 95% confidence intervals of maximum and 
minimum flexion values. For the maximum flexion values, all sensing modalities 
demonstrated standard deviations of approximately ±0.4 degrees or less and confidence 
interval widths of 0.6 degrees or less within each 10-cycle test, regardless of speed or 
position. Similarly, the minimum flexion measured by the 3D camera markers, electro-
goniometer, posterior IMUs, and lateral IMUs deviated less than ±0.6 degrees and had 
confidence interval widths of 0.9 degrees or less. These within-test standard deviations and 
confidence intervals should provide acceptable precision in reporting knee joint angles 
during short functional tests with knee replacement patients, considering that currently in 
clinics flexion range of motion in pre-arthroplasty patients is measured using a manual 
goniometer which has a standard error of measurement (SEM) of 4.1 degrees.1 
Effects of different sensor types, position, and speed changes were evaluated to simulate 
test and re-test conditions using the same lab and operator. All sources of change and 
interactions between sources of change caused statistically significant effects to the 
maximum and minimum flexion angles. The greatest source of difference by a large margin 
was change to the sensor type, while the smallest effect was due to changes in speed. While 
statistically significant differences were observed in these comparisons, the magnitude of 
these differences needed to be taken into consideration since statistically significant 
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differences in sensor measurements of repeatable robotic joint flexion measurement may 
not correspond to detectable differences for patient range of motion. The posterior IMU 
setup demonstrated a difference in flexion of 4.7 degrees due to re-positioning, which is 
slightly greater than the SEM for a manual goniometer in pre-operative knee patients.1 This 
may result in a slightly greater minimal detectable change for knee patients if using a 
posterior IMU placement. All changes due to speed were less than 3 degrees which is less 
than the manual goniometer SEM. 
In this experiment, the reliability of the electro-goniometer, posterior IMU setup, and 
lateral IMU setup measurements were evaluated by comparison to the benchmark 3D 
camera markers using Bland-Altman tests. Only maximum flexion values were evaluated 
for this portion of the experiment, as joint angles were initialized to starting offset of each 
test. The lateral IMU placement had the least bias of the maximum flexion angles in 
comparison to the 3D marker angles. While the electro-goniometer was observed to have 
the least standard deviation of bias from the 3D markers, its bias was by far the largest. 
This may be due to a limitation of the electro-goniometer technology, as they are known 
to have crosstalk errors that prevent the sensor from accurately measuring greater flexion 
magnitude.12 These inherent crosstalk errors are unique to each individual sensor and can 
range from 2-10 degrees at flexion amplitudes of 100 degrees.12 This is a major 
disadvantage of this sensor type and provides further motivation for the use of IMUs which 
are not limited to constrained placement and mechanical strain gauge sensing. 
Two different IMU anatomical placements were considered in this experiment for future 
patient use, the posterior and lateral IMU placements. The different setups activated 
different planes of motion of the IMUs during flexion, and the goal of this portion of the 
experiment aimed to asses any difference in performance. As mentioned earlier, the 
posteriorly placed IMUs displayed patterns of decreasing flexion angles with increasing 
flexion speed, though the error due to speed is less than the SEM of a manual goniometer. 
The bias to the 3D markers of the maximum angles of the laterally placed IMUs was also 
less than the posterior IMUs. However, the difference in bias may be attributed to the lateral 
IMUs and the 3D markers both being aligned on the lateral side of the leg phantom. The 
bias when looking at the two different placements was 2.1 degrees. The differences 
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between these two placements could be attributed to differences in mechanisms used by 
the IMUs to determine orientations in certain planes of the sensor’s motion.  
The lateral and posterior positions of the IMUs in this experiment may be considered 
analogous to medial and anterior placements, respectively, since flexion occurs about the 
same respective axes of the IMUs. Medial sensor placements on patients would likely be 
affected by the contralateral leg and would be undesirable for placement. An anterior IMU 
setup could benefit from sensor placement along the tibia to reduce soft tissue movement 
due to muscle bodies. This placement option was not tested in this experiment due to 
constraints created by the fixture attaching the leg phantom to the robot base, though is 
likely be a viable placement option. In a clinical setting, the posterior IMU setup would be 
impractical to attach to a patient and measurements may also be affected by large muscle 
bodies along the posterior chain. As well, the position of a posterior sensor setup may also 
be interfered with if patients are able to flex their knee to the point of contact of the thigh 
and calf. Either of these IMU setups can avoid any knee surgery incisions since the two 
units are not connected to each other – an advantage over electro-goniometers, which are 
connected. 
Several limitations are apparent in this study, stemming from the robotically-controlled 
phantom and modality positioning. A robotically-controlled anthropomorphic leg phantom 
was used in the present study to provide a repeatable platform for assessment of our novel 
IMU joint angle estimation system. A limitation of this method was the inability to provide 
the kinematic nuances of realistic human motion. However, this experimental setup 
provided an advantageous balance between a highly repeatable but unrealistic mechanical 
jig study design and a less repeatable but realistic human subject study design. As well, the 
3D markers were not re-positioned for the duration of the experiment to ensure differences 
in flexion angles were not due to changes in position or settling of the leg phantom between 
tests. This also provided a baseline for repeatability of the phantom motion for which to 
compare the repeatability of the different sensors. However, this limited an opportunity to 
show the error due to re-positioning of the 3D markers. The 3D markers were also only 
placed laterally along the phantom leg, which limited posterior placement comparisons. 
Lastly, the custom fixture attaching the leg phantom to the robot prevented an anterior 
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placement of the IMUs. However, the posterior positioning of the IMUs may be considered 
analogous to an anterior placement, since flexion occurs about the same respective axes of 
the IMUs. 
In summary, the use of IMUs has increased in research as an inexpensive method of motion 
capture. Due to the extra processing required and increase in areas for potential error to 
calculate angles using these sensors, this application has not yet been fully taken advantage 
of.5 While both posterior and lateral IMU setups demonstrated statistically significant 
effects due to position and speed changes, both IMU setups assessed in this experiment 
demonstrated repeatability in measurement of range of motion that is akin to manual 
goniometer methods used clinically. The IMUs also provided less bias than the electro-
goniometer at greater flexion angles. Calculations of SEM and minimal detectable change 
is required in future studies involving IMUs placed on actual patient knees. An anterior 
IMU setup analogous to the posterior positions used in this experiment would be 
advantageous in the clinic for ease of sensor alignment. Since both lateral and posterior 
IMU setups provided clinically viable repeatability in this experiment, a lateral or anterior 
IMU setup is recommended for use in dynamic range of motion measurement in future 
knee patient research. 
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Chapter 3  
3 Novel sensor-instrumented Timed-Up-and-Go metrics 
relate to subjective function and satisfaction in TKA 
patients 
3.1 Introduction 
Total knee arthroplasty (TKA) offers an increase in quality of life and a long-term solution 
for individuals with severe osteoarthritis (OA) that would otherwise manage their disease 
to a limited extent with symptom-focussed medications. Unfortunately, 1 in 5 patients 
report that they are not satisfied with their TKA at 1-year post-surgery,1 and many continue 
to experience pain and functional difficulties.2, 3 The problem of dissatisfaction for TKA is 
complex as many factors can contribute to its cause.3 To assess the outcomes of TKA in a 
way that benefits the patient most, it is important to keep the patient experience in mind. 
Patient reported outcome measures (PROMs) are important clinical tools for measuring 
surgery effectiveness and patient outcomes. PROMs take the patient experience into 
account and report on qualities such as satisfaction, pain, and function. However, PROMs 
can be prone to indeterminate content validity, floor and ceiling effects, and poor 
responsiveness to clinical change.4, 5 The categorical outcomes of surveys can also disguise 
the continuous nature of the patient experience, resulting in patients being grouped together 
despite differing symptoms, or even reduced responsiveness to individual change.4 More 
quantitative measurements of function that relate to PROMs may provide new insight into 
strategies to improve the TKA process. 
Functional tests offer simple, quantitative methods of measuring physical function.6, 7 A 
big advantage of functional tests is that they require minimal resources, which is beneficial 
for implementation into a clinical setting. The timed-up-and-go (TUG) test has been 
previously demonstrated to reliably measure TKA patient function and improvement after 
their surgery.8-10 This test only requires a chair, a stopwatch, and a 3 m marked distance on 
the ground.11 However, the only output for the TUG test is the length of time a participant 
takes to complete the test. While this singular measure relates to function of a TKA patient, 
it fails to describe specific functional areas – other than completing the test quicker – to 
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improve on a patient’s reported function. For example, two patients may complete the TUG 
test in a similar time, but one may do so with a limp. 
The use of wearable sensors for activity tracking has risen in popularity among the public 
in recent years, making it an increasingly inexpensive opportunity for scientific research. 
Inertial measurement units (IMUs) are a common type of wearable sensor that can track 
orientations in space using its gyroscopic, magnetometer, and accelerometer components. 
Studies have previously implemented IMUs to quantify biomechanical characteristics of 
gait in healthy, OA, and TKA populations.12-16 Similarly, research has implemented IMUs 
during the TUG test to evaluate functional performance of young adults,17 older  
adults,16, 18 and Parkinson’s disease patients.19 IMUs have also been used to calculate 
kinematic measurements typically collected in 3D motion capture labs.20-23 The objective 
of this current study is to implement IMUs alongside the TUG test in a population of TKA 
patients to identify new, descriptive, functional metrics related to PROMs. 
3.2 Methods 
3.2.1 Study Design 
IRB approval was obtained for a case series study investigating patients that received a 
primary TKA for OA 1- or 2-years previously. Patients were excluded if their surgery was 
not performed by one of the three participating surgeons in this study. Individuals were 
also excluded if they had a language and/or cognitive barriers, a revision TKA surgery, a 
TKA on their contralateral leg less than 1 year prior, or a neuromuscular disorder. 
3.2.2 Patient Procedure 
Patients were recruited on the day of their 1- or 2-year post-operative appointment (n = 82; 
M:F = 31:51; age = 67±10 yrs; BMI = 32±7 kg/m2), during which they completed a booklet 
of questionnaires containing the SF-12, WOMAC, KSS surveys as part of their regular 
appointment. After providing informed consent, participants answered the UCLA Activity 
Score survey, and completed three TUG tests instrumented with IMUs. For the TUG test, 
participants were instructed to stand up from a chair, walk 3 m to a marked line on the 
floor, turn around, walk back, and turn to sit down at a comfortable pace. 
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3.2.3 Sensor Setup 
Four IMUs were implemented during the TUG test and were affixed to the anterior side of 
the body at proximal and distal positions to the knee joint on both legs. For each wearable 
sensor unit, an IMU development board (MetaMotionR, MBientLab, San Francisco, CA, 
USA) and a recharcheable lithium-polymer battery were inserted into a custom 3D-printed 
case approximately 1.2 x 3.0 x 4.0 cm in size Figure 8. The case featured two wings with 
slots for insertion of straps to affix to the study participants. The sensors transferred data 
via Bluetooth to an Apple iPod Touch which was configured to temporarily store raw data 
without a persistent wireless connection. Custom software was developed to identify sensor 
orientations and calculate knee joint angles at a sampling rate of approximately 25 Hz.23 
 
 
3.2.4 Sensor Metrics 
From the sensor-instrumented TUG test potential metrics of movement and function were 
proposed. Proposed metrics fit into categories as spatiotemporal, angular, velocity, and 
acceleration quantities, described in Table 4. Spatiotemporal metrics of the TUG test 
detected by the sensors included: Total TUG, Sit-to-Stand, Walk-to-Goal, Walk-to-Chair, 
and Turn-to-Sit time segments, as well as step counts for the operative- and contralateral-
limbs, and a total step count (SCOP, SCCON, SCTOT). Specific angles and angle ranges were 
detected for operative- and contralateral-limbs and included: Start-TUG and End-TUG 
flexion/extension angles, Sitting-to-Loading flexion angle range at the beginning of the 
TUG, maximum flexion of the average step, and flexion/extension range of the average 
Figure 8: Wearable sensors (closed and open cases) with quarter for scale. 
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step. Velocity and acceleration values were calculated for the average step of the operative- 
and contralateral-limbs, including flexion and extension velocities and accelerations. 
 
 
Sensor Metrics Description 
Spatiotemporal 
Total TUG Test Total time (s) taken to complete TUG test. 
Sit-to-Stand 
(% Sit-to-Stand) 
Time (s) taken to go from a sitting to standing position. 
(% out of Total TUG test) 
Walk-to-Goal 
(% Walk-to-Goal) 
Time (s) taken to walk to 3-meter goal distance after sit-to-
stand and before turn-at-goal. 
(% out of Total TUG test) 
Turn-at-Goal 
(% Turn-at-Goal) 
Time (s) taken from start to end of turn at goal distance. 
(% out of Total TUG test) 
Walk-to-Chair 
(% Walk-to-Chair) 
Time (s) taken to walk 3-metres back to chair after turn-at-
goal and before turn-to-sit. 
(% out of Total TUG test) 
Turn-to-Sit 
(% Turn-to-Sit) 
Time (s) taken from start of turn at chair to seated position. 
(% out of Total TUG test) 
Step Count 
(SCOP, SCCON, SCTOT) 
Number of gait cycles (swing and stance phases) of the 
operative knee, contralateral knee, or in total during the 
walking segments of the TUG. 
Velocity & Acceleration 
Average Step:  
Flex. Velocity 
Average flexion angular velocity (°/s) of swing phase of gait 
cycle for the average step of the TUG test walking segments. 
Average Step:  
Ext. Velocity 
Average extension angular velocity (°/s) of swing phase of 
gait cycle for the average step of the TUG test walking 
segments. 
Average Step:  
Flex. Acceleration 
Average flexion angular acceleration (°/s2) of swing phase 
of gait cycle for the average step of the TUG test walking 
segments. 
Average Step:  
Ext. Acceleration 
Average extension angular acceleration (°/s2) of swing phase 
of gait cycle for the average step of the TUG test walking 
segments. 
Angular 
Start-TUG:  
Flex./Ext. Angle 
Angle (°) of operative or contralateral knee while sitting just 
prior to starting the test. 
End-TUG:  
Flex./Ext. Angle 
Angle (°) of operative or contralateral knee while sitting 
when settled after the test. 
Sitting-to-Loading:  
Flex./Ext. Range 
Angle range (°) of operative or contralateral knee when 
transitioning from a settled sitting position to a ready-to-load 
position for standing up. 
Table 4: List of sensor metrics and descriptions. 
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Average Step:  
Max. Flex. Angle 
Maximum flexion angle (°) of the operative or contralateral 
knee for the average step of the TUG test walking segments. 
Average Step:  
Flex. Range 
Angle range (°) from the start of the swing phase of the gait 
cycle to the maximum step flexion of the operative or 
contralateral knee for the average step of the TUG test 
walking segments. 
TUG Test: 
Additive Angular Displacement 
 (TAADOPF/E, TAADCONF/E, TAADOPI/E, 
TAADCONI/E, TAADOPV/V, TAADCONV/V) 
General motion of knee joint in degrees (°) over the entire 
TUG test in single axes of rotation (flexion/extension, 
internal/external rotation, varus/valgus) for operative- and 
contralateral -limbs. 
TUG Test: 
Additive Angular Displacement 
 (TAADOPLow, TAADCONLow, TAADOPUp, 
TAADCONUp) 
General motion of limb segments (ie. lower sensor = shank, 
upper sensor = thigh) in degrees (°) over the entire TUG test 
in all axes of rotation for operative- and contralateral-limbs. 
Average Step: 
Additive Angular Displacement 
 (SAADOPF/E, SAADCONF/E, SAADOPI/E, 
SAADCONI/E, SAADOPV/V, SAADCONV/V) 
General motion of knee joint in degrees (°) over an averaged 
gait cycle in single axes of rotation (flexion/extension, 
internal/external rotation, varus/valgus) for operative- and 
contralateral -limbs. 
Average Step: 
Additive Angular Displacement 
 (SAADOPLow, SAADCONLow, SAADOPUp, 
SAADCONUp) 
General motion of limb segments (ie. lower sensor = shank, 
upper sensor = thigh) in degrees (°) over an averaged gait 
cycle in all axes of rotation for operative- and contralateral-
limbs. 
Novel metrics identified from this experiment were calculated using sensor orientations 
and were based on values of flexion/extension, internal/external rotation, varus/valgus 
rotation, and tri-axial movement of operative- and contralateral-limbs and lower and upper 
sensors (Table 4). An Additive Angular Displacement (AAD) was calculated by summing 
the differences in angles from one sampling point to the next over a given sampling period 
(such as over a gait cycle). Patients with greater motion during the sampling period will 
have higher AAD values. The flexion/extension, internal/external rotation, and 
varus/valgus AADs utilized angular differences between the lower and upper sensors about 
these single axes of rotations; these were calculated for both the operative- and 
contralateral-knees (AADOP
F/E, AADCON
F/E, AADOP
I/E, AADCON
I/E, AADOP
V/V, 
AADCON
V/V). The tri-axial AADs were calculated using each individual sensor’s 3D 
orientation separately, therefore AADs specific to the lower and upper sensors were 
calculated for the operative- and contralateral-limbs (AADOP
Low, AADCON
Low, AADOP
Up, 
AADCON
Up). The displacements summed in these cases were the angles needed to transform 
a sensor’s orientation at a sampling point to the orientation at the next sampling point using 
the shortest 3D rotation about as single, unconstrained axis. The sampling periods over 
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which the AAD metrics were summed were either over the entire TUG test or over an 
averaged step (TAAD and SAAD, respectively). 
3.2.5 Statistical Analysis 
GraphPad Prism 7 was used to perform statistical operations. Correlations between sensor-
derived metrics and PROMs were calculated with the non-parametric Spearman’s 
correlation coefficient (ρ).24 Correlations in this study were qualified as weak (0.20-0.39), 
moderate (0.40-0.59), strong (0.60-0.79), or very strong (0.80-1.0). Additionally, 
participants were grouped by sex, body mass index (BMI), implant type, and satisfaction 
scores. Male and female subjects were identified and grouped. BMI was divided into scores 
less than 30 and 30 or greater, in which a BMI greater than this score represents obesity. 
Subject implant types were divided into posterior stabilized (PS) and cruciate retaining 
(CR) implant groups. KSS satisfaction scores were divided midway, with the satisfied and 
unsatisfied groups corresponding to approximate questionnaire answers of “Very 
Satisfied” or “Satisfied,” and “Neutral,” “Dissatisfied” or “Very Dissatisfied,” 
respectively. Differences in PROMs or sensor metrics between groups were determined 
using parametric t-tests for normally distributed data and non-parametric t-tests were used 
for non-normally distributed data. Receiver-operator characteristic (ROC) curves and area 
under the curve (AUC) were calculated for outcome measures that were significantly 
different between satisfaction groups. 
3.3 Results 
Comparing PROMs and patient demographics to sensor metrics demonstrated statistically 
significant correlations between subjective and objective function. A table of means, 
standard deviations, minimums, and maximums for all metrics are presented in Appendix 
A. Weak and moderate significant correlations were observed between the segmented TUG 
test times and PROMs (Table 5), and more moderate correlations were observed for the 
total TUG time and walking time segments specifically. Similarly, angular sensor metrics 
based on the total TUG and the walking segments of the TUG test displayed moderate 
significant correlations to PROMs (Table 6). Sensor metrics shown in Table 6 were 
selected due to their more consistent significant correlations with PROMS. A complete 
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matrix of Spearman correlations between all measures of patient characteristics, PROMs, 
and sensor metrics can be observed in Appendix B. 
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UCLA -0.48 -0.53 -0.36 -0.37 -0.38 -0.29 
SF-12 Mental -0.28 -0.27 -0.22  -0.26  
SF-12 Physical -0.49 -0.37 -0.47 -0.32 -0.45 -0.32 
WOMAC Pain -0.33  -0.38 -0.24 -0.35 -0.27 
WOMAC Stiffness -0.30 -0.23 -0.39  -0.27  
WOMAC Function -0.48 -0.36 -0.56 -0.39 -0.47 -0.34 
WOMAC Total -0.43 -0.32 -0.52 -0.31 -0.44 -0.30 
KSS Symptoms -0.38  -0.37 -0.22 -0.38 -0.26 
KSS Satisfaction -0.46 -0.37 -0.46 -0.25 -0.44 -0.34 
KSS Expectations -0.34 -0.32 -0.31  -0.33 -0.30 
KSS Function -0.56 -0.53 -0.43  -0.47 -0.58 
KSS Objective Indicators      -0.26 
Knee Eval. Function -0.40 -0.32 -0.39  -0.39 -0.27 
Knee Eval. Total Knee -0.29  -0.33  -0.29  
Knee Eval. Total -0.43 -0.34 -0.45  -0.42 -0.32 
  
Table 5: Spearman (ρ) correlation matrix of PROMs 
versus temporal sensor metrics. Moderate or greater 
correlations are denoted in bold and insignificant 
correlations are not shown. 
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The only significant difference observed between the PROMs of the male (N = 31; age = 
69±9 yrs; BMI = 31.7±6.9 kg/m2; PS:CR = 12:19) versus female (N = 51; age = 66±10 yrs; 
BMI = 65.9±10.1 kg/m2; PS:CR = 21:30) grouping was a greater number of males reporting 
a better UCLA Activity Score (6.3±1.5 vs. 5.3±1.7; p = 0.009). No significant differences 
in sensor metrics between male and female groupings were observed. Trends toward 
significant differences were observed in the contralateral limbs, where females had slightly 
greater SAADCON
Low (130.7±23.1 vs. 122.5±17.9; p = 0.09) and SAADCON
Up (93.0±20.6 
vs. 84.6±16.8; p = 0.06). 
For the BMI <30 group (N = 38; age = 69±10 yrs; M:F = 16:22; BMI = 26.6±2.7 kg/m2; 
PS:CR = 15:23), significantly more favourable PROMs and step counts were observed than 
the BMI ≥30 group (N = 44; age = 65±10 yrs; M:F = 15:29; BMI = 36.7±6.3 kg/m2; PS:CR 
= 18:26), as shown in Table 7. 
 
Mean±SD BMI < 30 BMI ≥ 30 p-value 
UCLA Activity 6.2±1.4 5.3±1.8 p = 0.007 
SF-12 Physical 44.5±7.6 37.2±11.9 p = 0.003 
WOMAC Function 81.1±13.6 67.8±22.6 p = 0.01 
WOMAC Total 79.8±13.3 68.5±21.7 p = 0.02 
SCTOT (#) 10.4±2.0 12.53.5 p = 0.005 
SCOP (#) 5.4±1.0 6.4±1.8 p = 0.005 
SCCON (#) 5.0±1.2 6.1±2.0 p = 0.003 
No significant differences were observed between PS (N = 33; age = 65±12 yrs; M:F = 
12:21; BMI = 32.7±8.7 kg/m2) and CR (N = 49, age = 68±8 yrs, M:F = 19:30; BMI = 
31.6±5.8 kg/m2) groups for PROMs or sensor metrics. 
Significant differences between satisfied (N = 63; M:F = 25:38; PS:CR = 23:40) and 
unsatisfied (N = 14; M:F = 6:13; PS/CR = 8:6) patients were observed for patient 
characteristics, PROMs, and sensor metrics, with 18% of participants being unsatisfied. 
Variation in statuses of contralateral knees was observed for unsatisfied patients, ranging 
from no evidence of OA to indications for severe OA. 18% of patients also reported the 
highest possible score for satisfaction. Satisfied patients were older (68±9 vs. 58±10 yrs;  
Table 7: Mean ± standard deviation values of PROMs 
and sensor metrics significantly different between 
BMI groups. 
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p = 0.0004) and had lower BMIs (31.2±6.0 vs. 37.4±9.8 kg/m2; p = 0.02). Satisfied patients 
demonstrated significantly more favourable PROMs and sensor metrics than their 
unsatisfied counterparts, as shown in Table 8.  
 
Mean±SD Satisfied Unsatisfied p-value 
UCLA Activity 6.0±1.5 4.0±1.9 p < 0.0001 
SF-12 Mental 56.1±7.3 46.6±12.8 p = 0.005 
SF-12 Physical 43.1±9.8 31.4±8.2 p < 0.0001 
WOMAC Pain 82.6±16.1 53.2±20.9 p < 0.0001 
WOMAC Stiffness 72.0±16.4 47.3±29.5 p = 0.0003 
WOMAC Function 79.1±16.2 52.3±20.0 p < 0.0001 
WOMAC Total 79.1±14.7 51.6±18.3 p < 0.0001 
KSS Symptoms 22.6±3.8 17.7±4.2 p = 0.0002 
KSS Expectations 10.2±2.9 5.1±1.6 p < 0.0001 
KSS Functional Activities 71.3±16.3 41.4±18.5 p < 0.0001 
Total TUG (s) 12.1±3.4 17.1±6.8 p = 0.007 
SCOP (#) 5.7±1.4 6.9±2.1 p = 0.01 
SAADOPLow (°) 130.1±21.3 114.1±23.2 p = 0.02 
SAADCONLow (°) 132.0±20.7 112.0±20.6 p = 0.002 
SAADOPUp (°) 91.9±18.7 77.4±17.2 p = 0.01 
SAADCONUP (°) 93.6±19.8 76.8±13.4 p = 0.003 
For the ROC curves of the satisfied versus unsatisfied patients, the AUCs for the Total 
TUG time and SCOP were 0.72 and 0.72. The AUCs of the SAADOP
Low, SAADCON
Low, 
SAADOP
Up, and SAADCON
UP were 0.68, 0.74, 0.71, and 0.74, respectively. The ROC 
curves can be observed in Figure 9. Total TUG times greater than 11 s were sensitive to 
100% of unsatisfied patients and specific to 38%. For 100% sensitivity to unsatisfied 
patients, values of the SAADOP
Low and SAADCON
Up less than 138° and 94°, respectively, 
had specificity of 40% and 49%. The other sensor metrics had reduced specificity in 
comparison. 
 
Table 8: Mean ± standard deviation values of PROMs and 
sensor metrics significantly different between satisfied and 
unsatisfied patients. 
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Figure 9: Satisfaction ROC curves for (A) Total TUG Time, (B) SCOP,  
(C) SAADOPLow, (D) SAADCONLow, (E) SAADOpUp, and (F) SAADCONUp. 
(B) 
(C) 
(A) 
(D) 
(E) (F) 
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3.4 Discussion 
This study has demonstrated that quantitative metrics derived from the sensor-instrumented 
TUG test significantly correlate to several PROMs of post-TKA patients. While most 
significant correlations between PROMs and sensor metrics were weak or moderate 
correlations, strong correlations were not anticipated due the subjective versus objective 
nature of the two data collection types. Previously, Bolink et al. described the potential for 
performance-based measures to objectively capture changes in physical function of TKA 
patients.24 The correlations observed in this study further emphasize the natural connection 
between PROMs and functional movement. However, the predominantly moderate 
correlations also draw attention to the superficial understanding of function that PROMs 
are able to reveal. 
Timed segments of the TUG test significantly correlated to PROMs. While significant 
correlations were observed for all time segments of the TUG test with PROMs, the Total 
TUG time and the Walk-to-Goal and Walk-to-Chair time segments moderately correlated 
with PROMs more often. Specifically, these three temporal metrics moderately correlated 
with the SF-12 Physical score, the WOMAC Function and WOMAC Total scores, the KSS 
Satisfaction and KSS Function scores, and the Objective Knee Evaluation Total score. The 
greater correlations of the walking components with PROMs suggests the reliance of these 
subjective outcomes to a patient’s walking ability, which has been previously observed.25 
The total time and walk time of the TUG test have also been previously found to have 
strong test-retest reliability in a study of older adults.16 In this study these temporal 
segments were derived from the instrumented sensors with minimal computation and could 
be easily be implemented with other sensing units to reliably provide objective measures 
of function. 
Step counts significantly correlated with several PROMs and were simple to identify. The 
SCOP and SCTOT were more correlated than the Total TUG time to the SF-12 Physical score 
and all WOMAC scores. The SCOP had greater correlations with function-based PROMs 
than the SCTOT. This again highlights the importance of walking to subjective function.
25 
The SCCON was less correlated to PROMs than the SCOP and SCTOT scores, which may in 
part be due to the focus of some questionnaires on the operative-limb as well as the 
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influence of patients’ operative-limbs on their perceived health. Novel sensor metrics were 
also identified that significantly correlated with PROMs. AADs of the total TUG and the 
average step represent more general angular motion and the AADs of the lower and upper 
sensors, specifically, represent motion of the thighs and calves, respectively. The step-
based AADs significantly correlated with all PROMs, while sensor metrics related to 
velocity, acceleration, or AADs about a singular axis or over the total TUG did not 
significantly correlate as consistently or had weaker correlations with PROMs. The step-
based AADs, walking time segments, and operative-limb step counts had the greatest 
correlations of all the sensor metrics to satisfaction, which emphasizes the influence of 
walking ability on patient-reported outcomes. 
In addition to correlations of parameters, data were also grouped to identify any significant 
differences. Patients were first grouped by sex, as kinematic differences have been 
previously described between male and female TKA patients.26, 27 In this study no 
significant differences in the sensor metrics were observed between males and females. 
However, trends towards significance in the SAADCON
Low and SAADCON
Up were observed, 
showing females having greater motion of their contralateral-limbs. This may relate to 
previously observed differences in quadriceps strength between male and female TKA 
patients,27 or perhaps greater knee abduction and hip adduction found in OA females than 
males.28 This finding of slight differences in biomechanics between the sexes may 
influence the satisfaction of males versus females due to this metric’s correlations to 
satisfaction and other PROMs. Further study of this effect may be of benefit for 
consideration of sex-specific differences to therapeutic intervention. 
Grouping patients according to BMI showed anticipated differences in general health and 
physical function (SF-12 Physical, WOMAC Function, WOMAC Total). This grouping 
also showed significant differences in step counts, where the larger BMI group took more 
steps to complete the TUG test. This reinforces the connection of BMI to function, which 
has been reported on previously.29 While subjective function has been associated with 
satisfaction,1 and step counts in this current study are correlated to reported satisfaction, 
the connection of BMI to satisfaction is not as clear. Satisfaction is complex and some 
literature has not found differences in BMI between satisfied and unsatisfied patients.1 In 
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patients moderately dissatisfied an elevated BMI has previously been associated, although 
the same association was not observed with more severe dissatisfaction.3 The connection 
of satisfaction to BMI may be composite in nature, where a higher BMI does not 
necessarily lead directly to dissatisfaction. 
When grouping implant types into PS and CR, no discernable differences were observed. 
This aligns with disagreement in the literature surrounding the benefit of either implant 
type over the other.30 Proof of distinct clinical advantage of the PS or CR implant types has 
yet to be resolved. 
When grouping satisfied and unsatisfied patients, significant differences were observed in 
patient characteristics, PROMs, and sensor metrics. This reinforces the multi-factor nature 
of patient satisfaction as previously described,1, 3, 29 and also highlights the potential 
diversity of patients reporting that they are unsatisfied. The finding that unsatisfied patients 
were younger in this study is unexpected and worrying since, consequentially, this suggests 
that younger patients may live longer with a TKA that they are not satisfied with. A weak 
direct relationship between age and satisfaction was observed in this study, while weak 
inverse relationships were observed in conflicting studies.1, 29 Bourne et al. reported mean 
ages of 68 and 70 for satisfied and unsatisfied patients, while in this study the mean age for 
satisfied patients was also 68, the mean age for unsatisfied patients was 60. This finding 
may be due to a difference in population age distributions between studies, or a surgeon-
specific difference in proportion of younger patients with more risk factors present. 
The satisfied group of patients also had lower BMIs, though the mean was above the 
threshold for obesity. As mentioned previously, the relationship between satisfaction and 
BMI may not be explicit, considering a significant correlation between the two factors was 
not observed despite finding a significant difference between satisfied and unsatisfied 
patients. Satisfied patients were more active, which aligns with previous research,31 and 
indicates that facilitating healthy-active living would improve TKA outcomes. Factors of 
pain, stiffness, function, and symptoms were also identified as influencing satisfaction in 
this study, as supported by previous literature.1, 3 The ceiling effect observed with the 
satisfaction score should also be mentioned, where a ceiling effect is described as ≥15% 
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scoring the highest possible score.4 Potential causes of this effect could be ambiguity of 
the survey questions, inadequate survey answer options, patients seeking to please their 
surgeon, or perhaps true satisfaction. These effects may have skewed the number of truly 
unsatisfied patients. 
The influence of function on satisfaction was also observed in the significant differences 
of sensor metrics between satisfied and unsatisfied patients. The sensor metrics observed 
to differ between satisfied and unsatisfied patients were measures that described motion in 
more general terms, with walking-based metrics showing greater correlations. The most 
specific sensor metrics observed to identify unsatisfied patients with maximum sensitivity 
were the Total TUG time, SAADOP
Low, and SAADCON
Up. The correlation of contralateral-
limb metrics to satisfaction suggests the importance of the function of the contralateral 
knee on patient outcomes. Both the operative- and contralateral-limbs play a part in the 
satisfaction of patients, and the implementation of sensors with the TUG test may allow 
detection of specific functional deficiencies that can be targeted as areas for therapeutic 
intervention. These metrics have the potential to be used in orthopedic clinics to identify 
patients that are at risk of dissatisfaction due to poor function. The TUG test could be 
implemented in clinics with a simple stopwatch to screen for at-risk patients with the Total 
TUG time, while sensor-implemented TUG tests could identify at-risk patients with greater 
specificity with the step-based AADs. 
This study was limited by several modifiable and unmodifiable factors that are worth 
attention when interpreting results. The population included in this experiment was from a 
single site and may differ from other populations. It should also be noted that while the 
booklet of questionnaires given to the patients was standard practice for their appointments, 
the entirety of the booklet was not always fully completed. This was likely due to the 
mental and time burdens required to fill out the questionnaires, and this resulted in fewer 
outcome measures from surveys that were further into the booklet. As well, wearable 
technology is subject to skin motion artifacts that may add noise that disrupts kinematic 
measurement signals, which may reduce correlations of metrics detected by the sensors. 
As well, one participant of this study had an irregular stance phase of the gait cycle for 
their operative knee and the sensor software was unable to autonomously segment and 
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correctly identify step-based metrics for that limb. Thus step-based data for the limb of that 
patient was excluded. This presents an area for improvement in our sensor software that 
will need to be addressed for future studies. This case series study reported on single patient 
time points rather than following patients at pre- and post-TKA time points to monitor 
outcomes over time and their relationship to pre-TKA function. The sensor metrics derived 
in this experiment are values that were suspected to be of importance by the authors. In the 
future, a machine learning-based approach to determine identifiers may prove to be 
advantageous in classifying patient outcomes. 
In conclusion, PROMs are an important tool that allows for patient input on their own 
experiences, though the nature of these tools do not necessarily illuminate areas where 
intervention may be beneficial. Novel sensor metrics were identified that moderately 
correlated with PROMs, indicating an overlap of outcomes between subjective and 
objective measures of function. Walking-based parameters were more consistently 
correlated with PROMs, suggesting the importance of walking ability to the patient 
experience. This experiment also identified significant differences in sensor metrics 
between satisfied and unsatisfied TKA patients. Quantitative measures of function that are 
descriptive of specific movement may provide added value to the TKA outpatient process 
through detection of biomechanical deficiencies and identification of patients at risk for 
dissatisfaction. With the integration of a sensor-implemented functional test that is 
representative of daily activities into the clinical procedure, outcomes of function and 
satisfaction may be improved through targeted therapeutic intervention. 
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Chapter 4  
4 Conclusions and Future Directions 
4.1 Overview of Objectives 
The physical and economic impacts of osteoarthritis (OA) globally and in Canada put a 
heavy burden on the healthcare system and patient quality of life.1-3 The projected increase 
of patients affected by this disease will only serve to exacerbate the consequences of OA.4 
While total knee arthroplasty (TKA) is widely considered a successful solution for end-
stage OA, many patients are not satisfied with the outcomes of their surgery.5-7 Satisfaction 
and subjective function has been recently associated.8 However, quantitative function in 
TKA patients is not fully understood, perhaps due to the multi-factor nature of satisfaction. 
The overarching goal of this thesis was to introduce wearable technology into a clinical 
setting with TKA patients to identify quantitative function that relates to the patient 
experience of outcome. The specific objectives tested included validation of a sensor 
setup’s ability to measure knee joint angles in a controlled environment, followed by 
implementation of the sensors in a population of post-TKA patients during TUG functional 
tests to derive novel quantitative and function metrics relating to patient-reported outcome 
measures (PROMs). 
4.2 Summary of Results 
In Chapter 2 of this thesis, the ability of an IMU sensor setup to collect joint flexion angles 
was assessed in comparison to an electro-goniometer and a 3D motion capture camera 
system. Repeatability of knee joint flexion angles and the effects of speed and placement 
on the IMUs using the same lab and operator was investigated. Maximum and minimum 
flexion values were detected, and all sensing modalities demonstrated standard deviations 
of less than ±0.6° in angles within each individual test, while keeping speed and position 
constant. This should provide acceptable precision in reporting knee joint angles within 
short functional tests. Speed and positioning effects were observed between tests when 
these factors were varied. All changes in flexion angle due to speed were less than 3° and 
the greatest difference in maximum/mininimum IMU flexion angles due to re-positioning 
was 4.7°. Currently in clinics, flexion/extension range of motion in TKA patients is 
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measured using a manual goniometer which has a standard error of measurement (SEM) 
of 4.1°.9 The greatest re-positioning difference of the IMUs is comparable to this value, 
which may correspond to a slightly greater minimal detectable change in range of motion 
for TKA patients.  
In Chapter 3, IMUs were implemented alongside the TUG test in a population of 1- and 2-
year post-TKA patients to identify new, descriptive, functional metrics related to PROMs. 
This experiment demonstrated many significant moderate correlations of quantitative 
sensor metrics derived from the TUG test to PROMs. These correlations emphasize the 
overlap of subjective and objective function, while also revealing the innate differences 
between patient experience and quantitative function. Novel metrics defined as step-based 
Additive Angular Displacements (AADs) consistently demonstrated significant moderate 
correlations with PROMs. These metrics describe general motion that is specific to the 
lower or upper limbs. Walking-based measures of function – step-based AADs, walking 
time segments, and operative-limb step counts – were observed to have greater significant 
correlations to satisfaction, highlighting the importance of walking to patient outcomes. 
Implementation of sensors with the TUG test may allow detection of specific functional 
deficiencies in walking that can be targeted as areas for therapeutic intervention to improve 
the patient experience. 
4.3 Future Directions 
4.3.1 Continuation of TKA Studies 
For the scope of this master’s thesis a single timepoint of post-TKA patients was collected 
to assess the potential of a sensor-instrumented TUG test as a source for quantitative 
functional outcome measures. While this provided important insight into the value of new 
sensor metrics and their potential for improvement of the patient experience, this study did 
not touch on the capability of this method to monitor patients over time. Bolink et al. has 
previously assessed TKA patients pre-operatively and 1-year post-operatively using 
performance-based tests and a single sensor attached to the low back.10 This study provided 
insight into the magnitude of change that occurs from pre- to post-TKA and relationships 
to PROMs, though it did not provide information on early post-TKA changes or specific 
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functional movements of the limb segments. As part of studies that are currently underway, 
we have collected sensor-instrumented TUG test data for patients at pre-TKA, and 2-
weeks, 6-weeks, 6-months, and 1-year post-TKA timepoints. These studies aim to assess 
the ability of the novel sensor metrics identified in this thesis to monitor specific 
quantitative outcomes of function in relation to PROMs. By comparing functional data 
before and at several points after TKA, we may be able to better understand how TKA 
affects functional motion and identify specific functional motion that is associated with 
greater satisfaction over time. This will provide a more complete understanding of the 
changes to knee function in TKA patients, how this function influences the patient 
experience, and perhaps identify when early therapeutic intervention may be beneficial. 
4.3.2 At-Home Monitoring 
The sensor instrumentation outlined in this thesis could be easily implemented into 
orthopedic clinics to monitor and assess function, but another exciting application is at-
home assessment of rehabilitation exercises and function. Similarly, at-home “serious” 
games are being developed to target musculoskeletal rehabilitation using a Kinect camera 
system and IMUs.11, 12 A simple at-home application of the sensor system presented in this 
thesis could be to assess the quantitative functional outcomes of the TUG test for patients 
who are unable to make it to appointments. Further in the future this system could be used 
to assess and monitor common physiotherapy exercises prescribed to TKA patients or other 
performance-based tests. An at-home system could help to facilitate physiotherapy and 
identify patients with functional deficiencies who may need further therapeutic 
intervention. This potential application could improve the outcomes of TKA patients who 
live in remote areas, do not have access to transportation, or have other barriers to attending 
appointments. 
4.3.3 Classification through Machine Learning 
An important component of this thesis was the development of metrics from the data 
collected by the wearable sensors that related to the function and satisfaction of TKA 
patients. Creating metrics to classify function and satisfaction in this way is limited by 
human imagination. Machine learning is a new and expanding field of research which takes 
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advantage of computer algorithms to learn complicated patterns from data which can be 
applied to predict diagnosis, outcomes, or risks in medical applications.13 Machine learning 
is being applied across a variety of disciplines and has made its way to orthopedics.13 
Machine learning techniques have recently been implemented to classify OA patients from 
controls using ground reaction force data,14 and 3D gait analysis.15 Kinematic classifiers 
identified by machine learning from 3D gait analysis also correlated to the WOMAC 
function score. 15 While satisfaction in TKA is much more subjective than a diagnosis of 
OA, machine learning has the potential to determine relationships between kinematic data 
and subjective scores. The use of machine learning towards this application could be of 
great benefit in improving PROMs and the patient experience. 
4.4 Conclusions 
This thesis endeavoured to ascertain relationships between quantitative function and the 
patient experience of TKA outcomes using wearable technology. Knee flexion angle was 
originally targeted as an outcome measure in the validation of the IMUs since it is 
commonly recorded in orthopedic clinics. However, differences in positioning of the IMUs 
may influence the angles detected due to motion about other axes of rotation, as observed 
in Chapter 2. This observation may have contributed to weaker correlations of 
flexion/extension sensor metrics to PROMs in Chapter 3 compared to the greater 
correlations observed for sensor metrics describing motion in all axes of rotation. This 
thesis provided strong evidence towards the connection between quantitative functional 
motion and the patient experience, and importantly, sensor metrics may be able to 
determine patients at risk for dissatisfaction due to functional deficiencies. By 
implementing sensor-instrumented functional tests representative of daily activities into 
orthopedic clinics, outcomes of function and satisfaction may be improved through 
targeted therapeutic intervention. 
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Appendix 
Appendix A: PROMs and Sensor Metrics Table of Values 
  Mean SD Min. Max. 
Subject  
Characteristics 
Age 67.1 10.0 43.0 88.0 
Height (cm) 169.1 9.8 152.0 195.0 
Weight (kg) 91.8 23.5 52.2 186.2 
BMI 32.0 7.1 18.3 57.5 
UCLA Activity UCLA Activity 5.7 1.7 2.0 9.0 
SF-12 
Mental 54.2 9.3 21.7 67.0 
Physical 41.0 10.4 18.6 57.8 
WOMAC 
Pain 77.5 20.3 15.0 100.0 
Stiffness 67.8 21.6 0.0 100.0 
Function 74.4 19.6 16.2 100.0 
Total 74.3 18.6 12.3 100.0 
KSS 
Symptoms 21.7 4.3 11.0 29.0 
Satisfaction 30.0 9.2 0.0 40.0 
Expectations 9.3 3.3 3.0 15.0 
Func. Activities 64.8 20.8 17.0 98.0 
Obj. Indicators 60.7 8.4 25.0 74.0 
Objective Knee  
Evaluation 
Function 84.4 18.4 20.0 100.0 
Total Knee 92.8 10.0 46.0 100.0 
Total 177.2 25.5 66.0 200.0 
Temporal TUG 
Segments 
Total TUG 13.1 4.5 7.1 29.8 
Sit-to-Stand 1.5 1.8 0.5 11.7 
Walk-to-Goal 3.6 1.2 1.3 7.9 
Turn-at-Goal 0.6 0.2 0.0 1.7 
Walk-to-Chair 4.8 1.8 2.5 11.8 
Turn-to-Sit 1.9 0.7 1.0 4.5 
% Sit-to-Stand 10.4 7.8 4.3 51.0 
% Walk-to-Goal 28.3 3.6 8.6 33.8 
% Turn-at-Goal 4.7 1.7 0.0 8.9 
% Walk-to-Chair 36.9 4.1 19.9 46.8 
% Turn-to-Sit 14.8 2.9 7.6 20.9 
Start-TUG:  
Flex./Ext. Angle 
Op. 83.3 13.3 49.3 109.8 
Con. 88.0 12.6 59.0 114.4 
End-TUG:  
Flex./Ext. Angle 
Op. 81.3 11.9 52.5 103.5 
Con. 86.3 14.1 55.0 136.0 
Sitting-to-
Loading:  
Flex./Ext. Range 
Op. 5.9 5.7 0.0 26.3 
Con. 6.0 5.7 0.0 30.4 
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  Mean SD Min. Max. 
Walking TUG 
Segments: 
Step Count 
Op. 5.9 1.6 3.3 13.0 
Con. 5.6 1.8 2.3 14.0 
Total 11.5 3.1 6.3 27.0 
Total TUG:  
AAD Flex./Ext. 
Op. 755.8 127.3 512.7 1128.0 
Con. 791.9 142.2 500.1 1291.0 
Total TUG: AAD 
Int./Ext. Rotation 
Op. 427.4 134.0 226.5 857.0 
Con. 454.8 133.0 234.0 951.3 
Total TUG:  
AAD Var./Val. 
Op. 251.4 75.5 123.3 648.4 
Con. 280.1 148.8 135.2 1348.0 
Total TUG: AAD 
(Lower Sensors) 
Op. 1171.0 129.7 823.5 1541.0 
Con. 1185.0 133.5 845.0 1619.0 
Total TUG: AAD 
(Upper Sensors) 
Op. 1037.0 102.7 840.0 1356.0 
Con. 1055.0 110.9 801.6 1388.0 
Average Step:  
Max. Flex. Angle 
Op. 53.8 7.1 35.6 75.6 
Con. 55.0 9.3 30.6 97.4 
Average Step:  
Flex./Ext. Range 
Op. 40.9 7.2 26.3 67.9 
Con. 42.8 8.9 21.2 77.6 
Average Step:  
Flex. Velocity 
Op. 276.2 68.0 154.1 495.2 
Con. 288.0 75.7 119.0 479.3 
Average Step:  
Ext. Velocity 
Op. 267.0 70.1 123.3 470.5 
Con. 291.2 80.9 119.6 557.9 
Average Step:  
Flex. Acceleration 
Op. 4740.0 1800.0 1382.0 9513.0 
Con. 5106.0 1925.0 1144.0 10451.0 
Average Step:  
Ext. Acceleration 
Op. 4782.0 1792.0 1744.0 11076.0 
Con. 5175.0 1905.0 1698.0 8720.0 
Average Step:  
AAD Flex./Ext. 
Op. 85.8 15.0 55.7 138.1 
Con. 90.0 17.8 45.1 141.1 
Average Step: AAD 
Int./Ext. Rotation 
Op. 41.6 14.3 16.0 80.5 
Con. 43.2 14.4 20.2 97.1 
Average Step:  
AAD Var./Val. 
Op. 25.3 9.3 9.5 60.4 
Con. 28.2 21.1 11.8 201.3 
Average Step: AAD 
(Lower Sensors) 
Op. 126.8 22.1 78.7 176.0 
Con. 127.6 21.6 75.7 177.0 
Average Step: AAD 
(Upper Sensors) 
Op. 89.0 18.9 52.9 130.9 
Con. 89.8 19.6 52.8 138.4 
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Appendix B: Correlations of PROMs and Sensor Metrics 
Spearman’s correlations (ρ) in the following tables have been colour-coded as very strong, 
strong, moderate, and weak in black, medium grey, light grey, and white, respectively. 
Direct and inverse correlations are denoted by positive and negative signs, respectively. 
Non-significant correlations were left blank (no sign, no colour).  
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Appendix C: UCLA Activity Score Questionnaire 
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Appendix D: Short Form-12 (SF-12) Questionnaire 
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Appendix E: Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC) Questionnaire 
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Appendix F: Knee Society Score (KSS) Questionnaire 
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